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We demonstrate the existence of a novel quasiparticle: an exciton in a semiconductor doubly
dressed with two photons of different wavelengths: near infrared cavity photon and terahertz (THz)
photon, with the THz coupling strength approaching the ultra-strong coupling regime. This quasi-
particle is composed of three different bosons, being a mixture of a matter-light quasiparticle. Our
observations are confirmed by a detailed theoretical analysis, treating quantummechanically all three
bosonic fields. The doubly dressed quasiparticles retain the bosonic nature of their constituents, but
their internal quantum structure strongly depends on the intensity of the applied terahertz field.
The research on light – matter interaction in the strong
coupling regime, when quantum light emitter and pho-
tons can coherently exchange energy, before the coher-
ence is lost, is one of the fundamental problems in cav-
ity quantum electrodynamics (QED). This problem was
widely adopted in an atom – cavity system, described
within renowned Jaynes-Cummings model and even be-
yond this limit, in the ultra-strong coupling regime. The
system based on exciton-polaritons, quasiparticles com-
posed from excitons in a semiconductor strongly coupled
to the vacuum light field in the cavity, has many ad-
vantages. These quantum light emitters do not show
fermion-like statistics, but are truly designed bosons that
can exhibit non-equilibrium Bose-Einstein phase transi-
tion [1]. In the present manuscript, we study the phe-
nomenon of double dressing: an exciton coupled to two
photonic fields from distinct energy ranges: near-infrared
(NIR) and terahertz (THz), which bares no direct anal-
ogy in atomic physics.
Excitons, or bound electron-hole pairs, can be created
by the absorption of a near infrared (NIR) photon in
a semiconductor. The strong coupling [2–4] of excitons
and photons in a high-quality microcavity structure re-
sults in the formation of exciton-polaritons, due to vac-
uum field Rabi coupling, evidenced by the appearance
of lower polariton (LP) and upper polariton (UP) reso-
nances [5]. The strong coupling regime can be achieved
when the coupling strength is larger than the decoherence
and the correct description of the system is in terms of
new quantum eigenstates, or dressed quasiparticles. In
a quantum well (QW), which confines the exciton into
a plane, the internal structure of the exciton resembles
that of a two-dimensional hydrogen atom. The transi-
tions between the internal states lie in the THz range
of the electromagnetic spectrum. The possibility to in-
duce such transitions with THz photons was shown in
Refs. 6–8. Upon intense THz illumination, close to the
1s-2p excitonic transition, Autler-Townes splitting of ex-
citonic states has been observed [1, 9].
In this letter we demonstrate the simultaneous dressing
of excitons with NIR and THz photons. We observe the
appearance of a third dressed polariton mode, the middle
polariton (MP), which is accompanied by an energy shift
of the upper and lower polariton states. We describe our
observations with a quantum model that takes into ac-
count the relevant couplings between four bosonic fields,
including 1s and 2p excitons together with NIR and THz
photons. Previously, doubly dressed states of a two-
level quantum dot system with two optical photons [11]
were shown, as well as interaction of exciton-polaritons
with THz photons [12]. However, quantum dots exhibit
fermionic-like single-photon emission and photon anti-
bunching. By contrast, exciton-polaritons are bosonic
particles, which also applies to our new quasi-particle
observed here.
To confine the NIR photonic mode we used a GaAs
lambda microcavity sandwiched between two AlAs/GaAs
distributed Bragg reflectors. A single 8 nm-thick
In0.04Ga0.96As quantum well was placed, at the maxi-
mum of the cavity field, providing the excitonic compo-
nent of polaritons. Excitons confined inside the quan-
tum well couple to the photon modes with a coupling
strength given by the Rabi splitting, ΩC . In the case
of our sample, the excitonic resonance was at approxi-
mately 1.484 eV and the vacuum Rabi splitting was equal
to approximately ΩC = 3.5 meV. The on-resonance po-
lariton linewidth was 0.3 meV allowing for a clear resolu-
tion of polariton states. Details on the sample structure
and optical characterization can be found in Ref. 13 and
Ref. 14, respectively. The sample was kept in a cryostat
at the temperature of 6 K. The polariton population was
created resonantly by fs laser pulses, with the spot size
of 150 µm. The pulse spectrum was sufficiently broad
to simultaneously excite LP and UP branches at zero
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FIG. 1: a) Scheme of the internal structure of an atom-like ex-
citon. The vacuum state (|0〉) is coupled to a ground 1s heavy
hole (hh) exciton via the NIR photon. The 1s is coupled to
the excited 2p exciton via THz photon. In our theoretical
model we neglect other excited electronic states, but we in-
clude the exciton ionization and blueshift from the dynamical
Franz-Keldysh effect. b) The bare exciton-polariton energies
(black solid lines) and the double dressed quasiparticle energy
diagram (yellow-orange lines). The THz energy resonant to
the 1s–2p transition is marked with a blue arrow. c) Scheme
of the creation and annihilation of the 2p exciton state. This
process involves two photons, one from NIR and one from
THz spectral ranges.
momentum. In the experiments reported here, the exci-
tation power was low enough to maintain polaritons in
the linear regime of polariton-polariton interactions. All
experimental observations are reported for close to zero
exciton-cavity photon detuning δ ∈ (-0.2,0.2) meV.
The THz light was generated at the Helmholtz-
Zentrum Dresden-Rossendorf by the free-electron laser
(FEL). The spectral width of the pulse at the resonant
wavelength of 182 µm was 1.6 µm (which corresponds to
(6.80 ± 0.03) meV). The THz pulse duration was deter-
mined to be approx. 30 ps [1], and the spot size was about
1 mm in diameter. Since this is significantly larger than
the NIR spot size, the THz intensity can be regarded
to be uniform inside the probed area. The scheme of
the experimental setup is provided in the Supplementary
Material (SI).
The exact energy separation between the 1s and 2s
exciton states was determined experimentally [15]. We
have observed the appearance of the 2s exciton-polariton
in photoluminescence spectra in magnetic fields. From
the observed energy change in magnetic fields we could
determine the zero field energy splitting between 1s and
FIG. 2: Transmission spectra of lower (LP) and upper (UP)
polaritons (at normal incidence) as a function of the delay be-
tween the NIR and THz pulses (in equidistant time intervals).
The color scale indicates the intensity in arbitrary units. The
THz photon energy is 6.8 meV, slightly detuned from 1s–2p
excitonic transition (6.5± 0.5 meV). The appearance of THz
induced middle branch (MP) at the maximum of THz pulse
(zero delay) is visible. This is accompanied by an energy shift
of LP and UP branches. a)- d) Illustrates the behavior with
increasing average THz power as marked directly in the im-
age. Positive delays correspond to the NIR pulse preceding
the THz pulse, negative delays to the reversed situation. e) -
h) Corresponding theoretical model. The color scale is non-
linear to enhance the low-intensity signal at zero delay time.
2s exciton in our sample to approx. 6.5 meV. Moreover,
at zero magnetic field 2s and 2p states are very close in
energy and we can estimate the energy difference between
1s and 2p state to 6.5±0.5 meV. Our measurement results
agree with other works performed on similar structures
[1].
The idea of the experiment is as follows: a weak NIR
laser pulse creates a population of exciton polaritons
through the excitation of an initially empty semiconduc-
tor QW inside a microcavity (Fig. 1a). A strong THz
external laser pulse, tuned to resonance with the 1s to
2p transition, mixes the two excitonic states, as shown
in Fig. 1b. Fig. 1c illustrates the 2p excitation and de-
cay scheme. The two external laser beams are collinear
and synchronized. The NIR Ti:Sapphire laser provides
12 fs pulses, with central wavelength tuned to the exci-
tonic resonance. The spectral width was broad enough
3FIG. 3: Transmission spectra (at normal incidence) of semi-
conductor microcavity revealing dressed polaritons and ap-
proaching to ultra-strong coupling regime. a) Spectra illus-
trate the cross section of the results shown in Fig. 2d for the
time delays from 15 ps to 0 ps. At weak perturbation (at 15 ps
time delay, that corresponds to the onset of THz pulse) the
transmission spectra reveals unperturbed LP and UP states.
As THz intensity increases, a red-shift of the LP and a blue-
shift of the UP are observed and the additional MP line is
visible (the dotted lines are guides to eye to compare the en-
ergy shifts, for vertical lines the energy is constant, the middle
dotted line follows the MP energy shift). The THz induced
opacity of the sample is revealed by the loss of the overall
intensity of the transmitted signal. b) Comparison of the ex-
perimental data from Fig. 2d (colored map) with theoretical
model from Fig. 2h (dots). The time delay can be converted
to instantaneous THz intensity, as indicated directly in the
image (details can be found in the SI). The interaction en-
ergy with the THz field is illustrated in the top scale.
to cover both LP and UP. Therefore exciton-polaritons
were created resonantly in a superposition of polariton
states.
The NIR transmission spectra taken for normal inci-
dence as a function of the delay time between the NIR
and THz pulses are reported in Fig. 2. When the system
is unperturbed by the THz beam, i.e. at large positive or
negative delays, we observe the two expected transmis-
sion resonances corresponding to LP and UP polaritons
as in Ref. 14 and in Supplemental Information (SI). For
delays of the order of 15 ps, the THz pulse intensity starts
to increase and the energy and the intensity of both po-
lariton lines are modified. The energy of LP and UP are
repelled apart, which is visible already at low average
THz power, Fig. 2(a,e). At slightly higher average THz
intensity, Fig. 2(b,f), the LP and UP energy shift is faster
and one additional line appears between polariton states,
getting stronger for larger THz intensities, Fig. 2(c,g) and
(d,h). We will refer to this line as the middle polariton
branch (MP).
In all cases, the LP and UP energy shifts and the ap-
pearance of the MP are accompanied by a drastic de-
crease in the signal intensity, especially pronounced for
exact time overlap between the pulses where the sample
is getting almost opaque. A THz average power as high
as 200 mW gives an electric field strength of 12 kV· cm−1
(or intensity of 1 MW· cm−2) at the position of the QW.
In such a regime of THz excitation the excitons can ion-
ize.
The appearance of the middle polariton line should in
no case be considered as an indication of the transition
to the weak coupling regime [16] and the saturation of
the exciton transition. This is confirmed by the follow-
ing: a) all three lines coexist at a given time and THz
intensity; b) simultaneous energy shift of LP, UP and
MP with increasing THz intensity (the energy of cavity
photon is independent on the THz intensity); c) the MP
energy depends on the THz power (Fig. 3a) and THz
detuning from 1s-2p transition (see SI). All images illus-
trated in Fig. 2 are symmetric versus zero delay time,
which demonstrates that even at very high THz powers
the exciton population is not destroyed. Indeed, we are
in the low NIR excitation regime and the total excited
exciton population is far from the saturation density.
To understand the physics behind our observations, we
performed calculations based on the four-mode Hamilto-
nian. The derivation (described in the SI) is based on the
rotating wave approximation, focusing on the four reso-
nantly interacting bosonic modes. A 1s exciton can be
formed by absorption of a NIR photon. The 1s exciton
can further absorb a photon from the external THz field
to form an excited 2p state, see Fig. 1c. The annihilation
process of a 2p exciton is a reverse two photon process.
These are described by
H =
∑
ν=1s,2p,C,T
ν aˆ
†
ν aˆν + h¯
(
gC aˆC aˆ
†
1s + gT aˆT aˆ1saˆ
†
2p+
+ gC aˆ
†
C aˆ1s + gT aˆ
†
T aˆ
†
1saˆ2p
)
+Hhigh. (1)
Here, aˆ1s, aˆ2p, aˆC , and aˆT are bosonic annihilation op-
erators for the 1s and 2p excitons, cavity and THz pho-
tons, and 1s,2p,C,T are their respective energies. The
coupling of the 1s excitons to photons is given by gC ,
while gT determines the probability of the 1s–2p tran-
sition with simultaneous annihilation of a THz photon.
The Hhigh term describes coupling to other electronic ex-
citations.
4This Hamiltonian does not provide a simple bosonic
quasiparticle spectrum, even when neglecting this last
term. However, as shown in the SI, when the occupa-
tion of the THz mode is large, the elementary bosonic
excitations (dressed states) turn out to be the solutions
of
Hsingle =
 C Ω∗C/2 0ΩC/2 1s Ω∗T /2
0 ΩT /2 2p − T
 (2)
where ΩC = 2h¯gC , ΩT = 2h¯gT
√
NT , withNT the average
occupation of the THz laser mode, ∆ = 2p − 1s − T
is the detuning of the THz field, and δ = C − 1s is the
exciton-photon detuning. Note that the 1s exciton-cavity
coupling ΩC is independent of the number of photons,
and corresponds to the vacuum Rabi splitting [17]. In
contrast, the 1s–2p coupling ΩT is proportional to the
square root of the number of photons in the coupling
THz field, which is in analogy with the Autler-Townes
effect [8]. The above matrix has three eigenstates, which
correspond to lower, middle, and upper polaritons, as
illustrated in Fig. 1d. In the absence of a strong THz
field, one of the modes corresponds to excitation of the
uncoupled, optically inactive bare 2p exciton.
We reproduce the experimental spectra by computing
the solutions of (6), while including pumping and losses
(see SI). The effects coming from the higher electronic
states Hhigh can be included, with a good accuracy, when
considering two phenomena. The effect of exciton ioniza-
tion [7, 20] by the strong electric field of the THz laser
leads to the decay of the LP and UP lines at high values
of the THz intensity, as visible in Fig. 2. At the same
time, the dynamical Franz-Keldysh effect increases the
energy of the exciton states due to the induced motion
of electron and hole, which is most clearly seen in the
asymmetry of the LP and UP energy shifts (Fig. 3).
Fig. 3a illustrates a few NIR transmission spectra that
correspond to the cross sections of the map from Fig. 2d.
Fig. 3b shows the exact comparison of the experimen-
tal data (Fig. 2d) with the theoretical model (Fig. 2h).
The time-averaged THz pulse power as high as 200 mW
corresponds to NT = 1.4 × 1013 photons in a single co-
herent pulse. As the THz coupling strength, ΩT ∝
√
NT ,
the dipole interaction energy (top scale in Fig. 3b) can
approach the same order as the transition energy (ap-
prox. 6.5 meV). Therefore, we can tune the strength of
the interactions through all regimes, from weak to ultra
strong [21].
In conclusion, strong coupling involving both the vac-
uum field Rabi splitting and the coupling to a second
propagating field gives rise to a novel class of coherent
phenomena in the solid-state, where the open dissipative
character of the system competes with strong coherence.
Bosons doubly dressed with optical and THz fields are of
fundamental interest due to the nontrivial internal struc-
ture of the quantum state. Our states are superpositions
of NIR photons, THz photons and excitons. We have
shown here that the dressed particle description remains
valid, albeit with the addition of a third dressed state
in the picture. The coupling to a strong coherent THz
field might be considered in the design of semiconductor-
based THz devices [22, 23]. Strong opacity of the micro-
cavity structure induced by the THz beam allows one
to consider possible applications such as ultrafast optical
switches.
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SUPPLEMENTARY INFORMATION FOR
“DOUBLY DRESSED BOSONS –
EXCITON-POLARITONS IN A STRONG
TERAHERTZ FIELD”
EXPERIMENTAL DETAILS
Exciton-polariton concept
The exciton-photon coupled state in the NIR range is
assured by the sample structure. This technically chal-
lenging task is realized by placing an optically active
quantum well at the antinode of the electric field dis-
tribution between two Bragg mirrors of the microcavity.
The sample under investigation consists of an 8 nm
thick single GaInAs quantum well sandwiched between
two AlAs/GaAs distributed Bragg reflectors (DBR)
forming a lambda microcavity. The microcavity is
wedged and the exciton-photon detuning can be changed
by changing the position of the excitation spot on the
sample. The excitonic resonance is at 835 nm and the
vacuum Rabi splitting is ΩC = 3.5 meV. The typical
angle-resolved photoluminescence spectrum of the sam-
ple is illustrated in Fig. 4. The strong coupling regime is
observed: excitons and photons are mixed, as they form
two new eigenstates of the system, called lower (LP) and
upper (UP) polaritons.
These bosonic quasiparticles have a dual nature, in-
heriting properties of both of its constituents: a small
mass from the photon part (5 order of magnitude smaller
than free electron mass) and the possibility to interact,
through Coulomb scattering, from the excitonic part. At
zero detuning, the energy separation between the LP and
UP states is given by the vacuum field Rabi splitting, ΩC .
The exciton-polariton dressed states can be further
modified by an external, resonant and strong THz
field. Exciton-polaritons inherit their excited-shell struc-
ture from the excitonic component. Therefore exciton-
polaritons are sensitive to low-energy excitations. If a
sufficiently narrowband, external THz laser is tuned close
to one of the allowed transitions within the excitonic ex-
cited shell structure, the exciton-polariton can be dressed
with this photon field. The first excitation, 1s to 2p tran-
sition, lies in the THz regime. In our sample, the resonant
energy was estimated, through magneto-spectroscopy to
be 6.5± 0.5 meV.
Setup
The scheme of the experimental setup is illustrated in
Fig. 5. The NIR pulse allowing to measure the transmis-
sion of the structure was focused onto the sample with
a single lens of long focal length. This allows one to
excite polaritons at near zero angle, which corresponds
to the creation of polaritons with zero in-plane momen-
FIG. 4: Typical angularly resolved photoluminescence spec-
trum of the sample taken at the position of the exciton-photon
detuning of 0.28meV. The detuning is determined as the en-
ergy difference between bare exciton (1s) and photon (C)
energies, δ = C − 1s. Two observed resonances are LP and
UP modes. The photoluminescence signal was excited non-
resonantly with a ps laser pulses. The energy of the excitation
corresponds to the first reflectivity minima of the cavity from
high energy side. The energy of LP and UP modes is marked
with red solid lines and bare exciton and photon modes with
red and black dashed line, respectively.
FIG. 5: Scheme of the experimental setup.
tum, at the minimum of their dispersion branch. The
transmitted NIR signal was collected with a single lens
and propagated in free space to the entrance slit of a
spectrometer. The THz laser beam was focused on the
front-side of the sample with a parabolic mirror. The
parabolic mirror had a hole at its centre in order to allow
the NIR laser to reach the sample and therefore permit-
ting the simultaneous excitation of the sample by both
lasers. The repetition rate of the NIR-fs laser was re-
duced by an acousto-optic pulse picker in order to match
the 13 MHz repetition rate of the FEL. Both pulses were
7FIG. 6: NIR transmission signal (energy integrated) for dif-
ferent delay between NIR and THz pulses for average THz
intensity of 220 mW (blue curve) and inverse of this signal
(red curve), that reflects the instantaneous THz intensity in
a pulse. Gaussian fit of the expected intensity in a THz pulse
is plotted with red dashed curve.
synchronized in time with a timing jitter of 1-2 ps and
their respective delay time was adjusted using a phase
shifter. The sample was kept in a cryostat at the tem-
perature of about 6 K.
In all spectra illustrated in the main paper (Fig. 2 a-d)
there is a background signal due to the imperfect block-
ing of the NIR laser pulses by the pulse-picker that syn-
chronizes NIR and THz lasers. These weak NIR pulses
produce a background of unshifted LP and UP spectral
lines. This signal is especially visible at zero delay time
at high THz powers, Fig. 2 c-d, where its intensity be-
comes comparable to the signal of doubly dressed quasi-
particles. The theoretical images presented in Fig. 2 e-h
are free of this background signal.
The THz laser pulses were characterized in detail in
Ref. 1. The pulse duration was determined to be approx.
30 ps. The intensity versus time profile of the THz pulse
is also directly visible in our experimental data. The NIR
signal intensity decreases as the THz intensity increases.
The energy integrated NIR transmission signal is plotted
in Fig. 6 (blue curve). The flat minimum illustrates al-
most complete quenching of the signal due to the exciton
ionization effects. The inverse of this signal (red curve)
directly illustrates the THz pulse profile. Assuming the
profile to be almost Gaussian (red dashed curve) and a
13 MHz repetition rate of the free electron laser, the time
delay between the NIR and THz pulses can be recalcu-
lated into the instantaneous THz intensity in the pulse,
what is marked by the right scale in Fig. 6.
QUANTUM MODEL FOR
EXCITON-POLARITONS IN A STRONG
TERAHERTZ FIELD
Hamiltonian
We consider the interaction of a single optical mode
and a single terahertz mode with quantum well excitons,
neglecting other electronic excitations. We first consider
the conservative limit, in which we can obtain analyti-
cal results without invoking the classical approximation.
The effect of losses will be postponed to the last section.
The fully quantum Hamiltonian in the Coulomb gauge
is [2, 3]
Hˆ =
1
2me
∑
i
(
pˆi − eAˆ
)2
+ Hˆel +
∑
ν=T,C
ν aˆ
†
ν aˆν , (3)
where pˆi are the momentum operators for electrons, Hˆel
is the part of the Hamiltonian corresponding to inter-
actions within the crystal, aˆT , aˆC are annihilation op-
erators for the terahertz mode and the cavity mode,
Aˆ = ~ξCACe−iωCt+ikCraˆC + ~ξTAT e−iωT t+ikT raˆT + h.c.
is the operator of the vector potential, with Ai =
(h¯/2ε0Viωi)
1/2 and Vi being the appropriate quantization
volume. We limit ourselves to two photonic modes aˆT , aˆC
with ki vectors perpendicular to the quantum well. The
unit vectors ~ξC,T describe their polarization. The pho-
ton fields span over the cavity (aˆC) and beyond it (aˆT ),
but we assume that considerable matter-light interaction
occurs only in the quantum well. Here we neglect the
influence of the external weak NIR probe on the mode
structure. The probe would correspond to another opti-
cal mode with small coupling to the cavity mode aˆC [2]
and no coupling to excitons.
We now make use of the rotating wave approximation
(RWA), neglecting the energy-nonconserving, or non-
resonant parts in the Hamiltonian (3). The standard
form of RWA disregards terms that correspond to cou-
pling with negative frequencies. Additionally, we assume
that only the transitions almost exactly resonant with
the photonic modes frequencies, that is the 1s exciton
creation transition and the 1s to 2p exciton transition,
are important. The other transitions will only be taken
into account in the value of the dielectric constant, and
later by inclusion of the dynamical Franz-Keldysh effect
and exciton ionization. We may call this approximation
the three-level approximation, although it still takes into
account an infinite number of energy levels (see Fig. 7),
since we maintain the bosonic character of all the fields.
In the low exciton density limit and within the dipole
approximation, the Hamiltonian becomes
Hˆ =
∑
ν=T,C,1s,2p
ν aˆ
†
ν aˆν+ (4)
+ h¯
(
gC aˆC aˆ
†
1s + gT aˆT aˆ1saˆ
†
2p + h.c.
)
,
8FIG. 7: Diagrams of energy levels and optical transitions within (a) semiclassical treatment and (b) full quantum treatment.
where aˆ1s, aˆ2p are annihilation operators for the 1s and
2p excitons. These operators are linear combinations
of products of electron and hole operators [4–6]. In
the low exciton density limit considered here they obey
bosonic commutation relations. Any interactions be-
tween the excitons are neglected. The light-matter cou-
plings in (4) are gC = (d1s · ~ξC)ACωC/εh¯ and gT =
(d1s→2p · ~ξT )ATωT /εh¯, where d1s→2p = e〈2p|r|1s〉 is the
1s to 2p transition dipole moment, and d1s ∼ dvc|φ1s(0)|.
Here |φ1s(0)|2 is proportional to the probability of find-
ing an electron and hole in the same crystal cell, and dvc
is the dipole moment between valence and conduction
bands given by their Bloch functions [4]. The states |1s〉
and |2p〉 are excited states of the crystal with one exciton
present.
For convenience we choose a basis in which gC and gT
are real. The exciton modes are localized in the quantum
well. In the case of NQW identical narrow quantum wells,
the exciton modes are delocalized in all wells, and the
exciton transition dipole moment scales as d1s ∼ N1/2QW.
Semiclassical treatment
In the semiclassical approximation, we treat the tera-
hertz laser radiation as a classical field (assuming a co-
herent state) and replace the terahertz operator by the
c-number αT e−iωT t. This automatically means that we
neglect any correlations between the terahertz subspace
and the rest (the state is a product state), which is a
rather strong assumption. Nevertheless, we will gener-
alise it in the next subsection to the full quantum treat-
ment. In the classical version of the RWA we shift the
energy of the 2p state to 2p → 2p − T to obtain
Hˆ =
∑
ν=C,1s,2p
ν aˆ
†
ν aˆν+h¯
(
gC aˆC aˆ
†
1s + gTαT aˆ1saˆ
†
2p + h.c.
)
(5)
Let us now consider the manifold where only one
excitation (exciton or cavity photon) is present. The
Hamiltonian (5) written in the basis of bare states
|NC , N1s, N2p〉 = |1, 0, 0〉, |0, 1, 0〉, |0, 0, 1〉 is
Hsingle =
 C Ω∗C/2 0ΩC/2 1s Ω∗T /2
0 ΩT /2 2p − T
 (6)
where ΩC = 2h¯gC , ΩT = 2h¯αT gT , ∆ = 2p − 1s − T is
the detuning of the THz field, δ = C−1s is the exciton-
photon detuning. The ΩT ∼
√
NT depends on the THz
field intensity while ΩC is fixed.
For the above 3 × 3 hermitian matrix we can find 3
orthonormal eigenvectors vi = (Ui,C , Ui,1s, Ui,2p)T with
real eigenvalues Ei, where i = 1 . . . 3. The matrix Uij is
unitary, UU† = 1. Let us define the operators
bˆi = Ui,C aˆC + Ui,1saˆ1s + Ui,2paˆ2p (7)
The states bˆ†i |0, 0, 0〉 are exactly the dressed states, since
they are the eigenstates of the Hamiltonian with ΩC ,ΩT
couplings included. In particular,
Hˆ|di〉 = Ei|di〉, where |di〉 = bˆ†i |0, 0, 0〉, i = 1 . . . 3.
(8)
The inverse relations for the operators aˆc, aˆ1s, and aˆ2p
are given by the elements of the inverse matrix
aˆj =
∑
i
U†jibˆi, where j = C, 1s, 2p. (9)
Now we proceed to include states with multiple exci-
tations. The operators bˆi possess the right bosonic com-
mutation relations: [bˆi, bˆ
†
i ] = 1, [bˆi, bˆ
†
j ] = 0 for i 6= j, and
9[bˆi, bˆj ] = 0 which follows from the unitarity of Uij . From
(5) and (9) it is clear that the Hamiltonian written in the
basis of the dressed states has the general quadratic form
Hˆ =
∑
ij
Hij bˆ
†
i bˆj (10)
where Hij are c-numbers. Substituting the above into (8)
for i = 1 . . . 3 and using the commutation relations it is
easy to see thatHij = 0 for i 6= j. Hence the Hamiltonian
is diagonal in the dressed states basis
Hˆ =
∑
Eibˆ
†
i bˆi, i = 1 . . . 3 . (11)
The absorption, emission, reflectance and transmission
spectra in the weak-probe limit are related to the matrix
elements 〈di|aˆC |dj〉 and 〈di|aˆ†C |dj〉 where |di,j〉 belong to
the neighboring manifolds (the number of excitations dif-
fers by one). This can be seen easily by adding external
optical modes to the Hamiltonian (5), coupled to the
field of the cavity. Since aˆC is a linear combination of
bˆi, Eq. (9), we expect to have in general 3 spectral lines
with energies equal to the energy of each of the dressed
excitations Ei. The relative intensities of the lines are
given by their weights |U†C,i|2 = |Ui,C |2.
Full quantum treatment
Only several modifications to the above derivation are
necessary to perform a full quantum treatment. There
are two constants of motion for the above Hamilto-
nian (4), the number of “terahertz-induced” excitations,
N0 = NT + N2p and the number of cavity photons plus
excitons N1 = NC + N1s + N2p. The latter corresponds
to the number of excitations in the semiclassical treat-
ment. The manifolds of states with the same N0 break
up into submanifolds with a given N1. The operators aˆC
and aˆ†C , related to the optical properties, commute with
N0 = a
†
TaT + a
†
2pa2p. Consequently, the optical transi-
tions are between states from neighboring submanifolds
(where the number of excitations N1 differs by one), but
from the same N0 manifold. The N0 manifolds are com-
pletely isolated from each other. Moreover, if the ter-
ahertz laser field is close to a coherent state with large
number of quanta, the fluctuations of N0 will be small,
∆N0/N0 = O(N
−1/2
0 ). We can then treat N0 as a con-
stant. This assumption is less strong and much more
precise than the one made in the semiclassical treatment.
To diagonalize the Hamiltonian, we have to make an-
other assumption: that the number of excitations (po-
laritons) is much smaller than the number of terahertz
quanta: N1  N0. This is fulfilled in the case of a strong
THz field and a weak probe. Let us now define the oper-
ator
Bˆ =
1√
N0
a2pa
†
T (12)
It is easy to check that Bˆ possesses the right bosonic
commutation relations with the accuracy of the order of
O(N1/N0). We can now write
Bˆ†Bˆ =
1
N0
a†2pa2paTa
†
T ≈ a†2pa2p (13)
where the error is again of the order of O(N1/N0). This
allows to write the Hamiltonian as
Hˆ =
∑
ν=C,1s
ν aˆ
†
ν aˆν + (2p − T ) Bˆ†Bˆ + TN0+
+ h¯
(
gC aˆC aˆ
†
1s + gT
√
N0aˆ1sBˆ
† + h.c.
)
(14)
where we have used the relation 2paˆ
†
2paˆ2p + T aˆ
†
T aˆT =
(2p − T )aˆ†2paˆ2p + TN0. Apart from the constant term,
the form of the above Hamiltonian is the same as (5) pro-
vided that the replacements aˆ2p → Bˆ and αT →
√
N0 are
made. We can now follow the steps of the semiclassical
treatment to obtain the diagonal form of the Hamilto-
nian.
Classical treatment
Since we treat excitons as bosonic excitations, it is pos-
sible to use a simple classical treatment. We replace
all quantum operators in the Hamiltonian (4) with c-
numbers, assuming that all photon and matter fields are
in coherent states. This assumption is justified if the sys-
tem is excited resonantly by a coherent laser probe and
the effects of decoherence are negligible. We obtain a set
of dynamical equations
iα˙T = ωTαT + gTα
∗
1sα2p,
iα˙C = ωCαC + gCα1s,
iα˙1s = ω1sα1s + gCαC + gTα
∗
Tα2p,
iα˙2p = ω2pα2p + gTαTα1s,
(15)
where ωi = i/h¯. Under the assumption of a strong THz
field, we can write down the solution for αT = αT0e−iωT t.
Now, with the transformation α2p → α2pe−iωT t we ob-
tain the system
ih¯
d
dt
 αCα1s
α2p
 = Hsingle
 αCα1s
α2p
 (16)
where Hsingle is given by (6) with αT → αT0. The result
is the same as in previous sections for obvious reasons.
Since we have shown above that in the general case there
are 3 spectral lines given by Hsingle, it is also true, in
particular, if polaritons are in a coherent state.
Model including pumping and losses
The above considerations allow to understand the spec-
trum of excitations in the conservative limit and the de-
pendence of the coupling ΩT on the terahertz intensity,
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FIG. 8: Solution of the Hamiltonian (6) for increasing THz coupling strength ΩT from ΩT = 0 to ΩT = ΩC = 3.5 meV.
Other parameters are as follows: 1s = 0 meV, 2p = 6.8 meV, ∆THz = 2p − 1s − T is the detuning of the THz field, and
δ = C − 1s is the exciton-photon detuning.
but to obtain the full response and line broadening, both
pumping and losses have to be included. Below, we de-
scribe the model that was used to obtain theoretical plots
in Fig. 2 in the main text.
There are two main sources of losses in the system:
the finite lifetime of cavity photons, and ionisation of ex-
citons due to the strong terahertz field. The ionisation
rate of 1s excitons is smaller than 2p excitons due to
their larger binding energy. Both sources of loss can be
included in the quantum description by coupling to ex-
ternal optical modes (cavity losses) and to higher excited
electronic states (ionisation). External pumping by the
weak probe laser can be included by coupling of the cav-
ity mode to a classical pump field. However, such system
is no longer treatable analytically. A significant reduc-
tion of complexity can be achieved by performing the
Markovian approximation to obtain the standard form
of the Master equation with Lindblad terms for each of
the sources of loss.
In the classical treatment, the problem reduces fur-
ther, as pumping and losses can all be described by pa-
rameters γC for the decay rate of cavity photons due
to coupling to external modes, γ1s,2pX for the decay rate
of excitons, and Fp = Fp0(t)e−iωpt for the amplitude of
the probe laser field with the frequency ωp. Considering
the effect of ionisation, the value of the Keldysh param-
eter γ = ωTHz
√
2m∗E2p/eFTHz ≈ 1, where E2p is the
2p exciton ionisation energy and FTHz is the peak elec-
tric field amplitude, allows to treat the terahertz field
approximately as a classical field and neglect multipho-
ton absorption. In this regime [7], the decay of ex-
citons is mainly due to 2p state tunneling ionisation,
and to the leading order given by an exponential depen-
dence γ1s,2pX = γ
1s,2p
X0 +γ
1s,2p
I e
−Ω1s,2pI /ΩT , where ΩI is the
tunneling ionisation threshold and γ1s,2pX0 corresponds to
other sources of exciton decay.
The experimental setup allows for probing the spec-
trum of the system with femtosecond time resolution.
Since the duration of the THz pulse is much longer than
the fs probe pulse, for each delay between the two pulses
we treat the value of ΩT as a constant (we can treat
NT as a constant since number fluctuations in a coher-
ent state are negligible for large occupations [8]). We
also use the slowly varying envelope approximation for
the fs pulse, which allows to treat Fp0(t) as a constant
when calculating the response of the system to the probe
field. Under the assumption of a strong THz field we
have αT = αT0e−iωT t with αT0 a constant. Now, with
the transformation α2p → α2pe−iωT t we obtain the sys-
11
tem iα˙C = ωCαC + gCα1s − iγCαC +
Fp0
h¯ e
−iωpt,
iα˙1s = ω1sα1s + gCαC + gTα
∗
T0α2p − iγ1sX α1s,
iα˙2p = (ω2p − ωT )α2p + gTαT0α1s − iγ2pX α2p.
(17)
By substituting αC = αC0e−iωpt, α1s = α1s0e−iωpt and
α2p = α2p0e
−iωpt we obtain a set of linear algebraic equa-
tions that can be written in the matrix form
 C − i
h¯γC
2
Ω∗C
2 0
ΩC
2 1s − i h¯γ
1s
X
2
Ω∗T
2
0 ΩT2 2p − T − i
h¯γ2pX
2
 −
− h¯ωp
] αC0α1s0
α2p0
 =
 Fp00
0
 ,
With pumping and losses included the spectral lines have
finite width and approximately Lorentzian shape. Addi-
tionally, polariton lines become weaker and broader with
the increase of the 2p ionisation as the terahertz inten-
sity increases. This effect is clearly visible in the ex-
periment at large THz pulse intensities. Additionally,
we take into account the dynamical Franz-Keldysh ef-
fect [9], which blue-shifts the energy of the exciton states
by an amount proportional to the terahertz field inten-
sity, 1s,2p(ΩT ) = 1s,2p(ΩT = 0) + β1s,2pΩ2T . This ef-
fect is most clearly visible in the blueshift of the middle
polariton line with increasing THz intensity. Parameters
used in our modeling are C = 1.4852 eV, γC = 0.42 ps−1,
ΩC = 3.6 meV, ΩT = ΩT0e−(t/τ)
2/2 with τ = 7.6 ps
and ΩT0 = 3.64 meV for THz power of 220 mW, δ = 0,
∆ = −0.70 meV, ΩI = 6.86 meV, γ1sX0 = 0.52 ps−1,
γ1sI = 0.52 ps
−1, γ2pX0 = 1.05 ps
−1, γ2pI = 0.78 ps
−1,
β1s = 0.087 meV−1, β2p = 0.175 meV−1.
The exciton blueshift induced by the Franz-Keldysh
effect suggests that the polariton lines will move to
high energies with increasing THz intensity. However,
this is not the case for the middle polariton line, which
becomes increasingly photonic for largest THz intensities
achievable in the experiment. In result, the position of
this line tends to the cavity energy C .
DOUBLY DRESSED EXCITON FOR DETUNED
THZ ENERGY
The possibility to change the NIR exciton - photon
detuning, δ = C − 1s, by choosing the position on the
sample, and the possibility to change the detuning of a
THz field, ∆ = 2p − 1s − T , by tuning the THz laser,
allows to obtain different energies of the three dressed
states: LP, MP and UP. Fig. 8 demonstrates the doubly
dressed state energies for the case of negative, zero and
positive NIR and THz detunings.
Fig. 9 illustrates the experimental results and the the-
oretical calculations for different photon energies of the
THz beam.
For low THz energy (T = 5.3 meV and T = 6.8 meV)
we observe almost ideal agreement between the experi-
ment (Fig. 9 a and b) and the theoretical model (Fig. 9
d and e), respectively.
For the THz energy of T = 8.2 meV, Fig. 9 c and f, we
do not observe the appearance of doubly dressed exciton.
The signal is perturbed by the THz beam, but the middle
polariton (MP) does not appear in the spectrum. We
believe that the THz energy is too high to couple only
the 1s to 2p exciton and higher excitonic states should
be considered. Therefore our theoretical model does not
describe this situation.
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